Although the creation of spin polarization in various non-magnetic media via electrical spin injection from a ferromagnetic tunnel contact has been demonstrated, much of the basic behavior is heavily debated. It is reported here for semiconductor/Al 2 O 3 /ferromagnet tunnel structures based on Si or GaAs that local magnetostatic fields arising from interface roughness dramatically alter and even dominate the accumulation and dynamics of spins in the semiconductor. Spin precession in the inhomogeneous magnetic fields is shown to reduce the spin accumulation up to tenfold, and causes it to be inhomogeneous and non-collinear with the injector magnetization. The inverted Hanle effect serves as experimental signature. This interaction needs to be taken into account in the analysis of experimental data, particularly in extracting the spin lifetime τ s and its variation with different parameters (temperature, doping concentration). It produces a broadening of the standard Hanle curve and thereby an apparent reduction of τ s . For heavily doped n-type Si at room temperature it is shown that τ s is larger than previously determined, and a new lower bound of 0.29 ns is obtained. The results are expected to be general and occur for spins near a magnetic interface not only in semiconductors but also in metals, organic and carbon-based materials including graphene, and in various spintronic device structures.
I. INTRODUCTION
The controlled creation of a non-equilibrium spin polarization in non-magnetic materials is a central aspect of spintronics and plays a role in virtually all spin-based electronic nanostructures [1] [2] [3] . In the spin valve, the most well-known example of a metallic spintronic device consisting of two ferromagnetic layers separated by a thin non-magnetic metal, spin information can be transmitted between the two ferromagnets via the spin accumulation in the spacer. This gives rise to giant magnetoresistance, exchange coupling, and allows one ferromagnet to exert a torque on the other [4] [5] [6] [7] . In a spin transistor, an example of a spin-based semiconductor device, spin information between ferromagnetic source and drain is transmitted via a semiconductor channel 8, 9 , making it possible to manipulate the spins during transit by a gate electric field. Understanding the physics of spins in non-magnetic materials is thus crucial as it controls the overall behavior and performance of spin-based nanostructures. Although spin polarization has been electrically created in a variety of nonmagnetic materials, mostly via spin-polarized tunneling from a ferromagnetic contact [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , much of the basic physics is not understood. The magnitude and sign of the induced polarization are heavily debated 18, [23] [24] [25] [26] [27] , the variation with bias voltage and temperature is often puzzling 12, 18, 21, 28, 29 , and unexpectedly short spin lifetimes are observed, for instance in the range of a few hundred ps in graphene and doped Si at room temperature 17, 21 .
A. Spins in proximity to a ferromagnetic interface
Because spintronic nanostructures combine different materials (ferromagnets with nonmagnetic metals, semiconductors, organic and carbon-based materials), a key question is to what extent the proximity to interfaces influences the spin accumulation and the spin dynamics. Dipolar fields from magnetic domain walls in a demagnetized Ni film have been reported to reduce the spin-dephasing time of optically-excited carriers in GaAs 30, 31 , but the associated increase of the Hanle line width (∼ 1 Oe) is small. Spin precession is also known to be affected by nuclear hyperfine fields [32] [33] [34] . These are not related to the ferromagnetic interface and are typically relevant only at low temperature. In contrast, we demonstrate here a much more general mechanism (present even at room temperature and for homogeneously magnetized ferromagnetic electrodes) that has a surprisingly dramatic effect on spin accu-mulation and spin dynamics of carriers in a non-magnetic medium near a magnetic interface.
Specifically, inhomogeneous magnetostatic fields arising from finite interface roughness are shown to alter precession of spins in a semiconductor near the magnetic interface, dominate spin dynamics up to surprisingly large external fields as large as 1 kOe, and reduce the spin accumulation up to tenfold. We focus here on spin polarization created in semiconductors by injection of spins from a ferromagnetic tunnel contact. However, the phenomena described here should occur irrespective of the type of non-magnetic material or the method used to create the spin accumulation, although the extent of the effect depends on the details of the system.
The magnetostatic fields near a ferromagnetic interface with finite roughness are sketched in figure 1 for the case of a sinusoidal interface profile with period λ. The magnetization of the ferromagnet is taken to lie in-plane and point strictly along the global interface ev-
erywhere. This is a valid approximation for the soft magnetic thin films without significant interface anisotropy that we use here, as their magnetization can easily be saturated in a small in-plane magnetic field. While for an extended and perfectly flat, in-plane magnetized film the magnetostatic field would be zero outside the ferromagnet, in the presence of finite roughness there are local magnetostatic fields that penetrate into the non-magnetic medium and influence the spins. Note that this is not only determined by the ferromagnet/tunnel barrier interface, but for thin films also by the roughness of the top surface of the ferromagnet, due to the long range nature of magnetic fields. The magnetostatic fields are inhomogeneous in magnitude and direction, and change sign periodically. The magnitude of the fields scales with the roughness amplitude, and is linearly proportional to the magnetization M s of the ferromagnet. The strength of the field decays with distance z from the interface on a length scale that, for periodic roughness, is set 35 by the lateral roughness period λ. Under electrical spin injection from the ferromagnetic contact, a spin accumulation ∆µ = µ ↑ − µ ↓ is induced, with µ ↑ (µ ↓ ) the electrochemical potential for electrons with majority (minority) spin. In the absence of roughness, ∆µ decays exponentially as a function of distance z from the injection interface (Fig. 1b) , with a spin-diffusion length L SD . However, for finite roughness spin precession is altered significantly in the region between z=0 and z=λ where appreciable local magnetostatic fields exist, strongly reducing ∆µ. Even if λ is shorter than L SD , interfacial depolarization reduces ∆µ over the full depth range (Fig. 1b) because spin diffusion connects all spins and dictates that spatial variations in spin density cannot exist on a length scale much smaller than L SD . Hence, interfacial magnetostatic fields affect the spins to an effective depth of L SD . Also note that by spin-polarized tunneling into the ferromagnet one probes the value of ∆µ at z = 0, where the reduction is strongest as the spin accumulation right at the interface is most directly affected by the local magnetostatic fields.
II. TUNNEL CONTACTS AND MEASUREMENTS
We describe results for tunnel contacts on two different semiconductors (Si and GaAs Therefore we will here not discuss the factors that determine the overall magnitude of ∆µ, and show only normalized data. We did not find any correlation between the overall signal magnitude and the shape of the curves.
Let us now focus on the features that are due to the proximity of the interface with the ferromagnet. We find that the width of the Hanle curve depends on the ferromagnet used, i.e., the width increases from Ni, to The saturation occurs at a larger field value for the ferromagnet with larger M s , consistent with the outlined scenario. No dependence on the direction of the field in the x-y plane was observed, as expected for poly-crystalline magnetic films for which roughness-induced magnetostatic fields should be isotropic. We conclude that application of an external inplane magnetic field leads to a recovery of the spin accumulation, reaching the ideal value (that would be obtained without any precession) for large enough B about 27% of the ideal value, but with less variation compared to the data for n-type.
In principle one can still fit the Hanle curves with a Lorentzian and extract a time constant (given as labels in the left panels of Fig. 2 and 3 ). However, it should be treated as an effective time or a lower limit to the spin lifetime in the semiconductor, because interface magnetostatic fields are present and cause artificial broadening of the Hanle curve.
Experimentally this situation is easily recognized if an inverted Hanle effect is observed.
Nevertheless, the lower bound for the spin lifetime in the n-type Si we obtain (285 ps, Ni 33 . However, given the results of the Si devices, it is highly likely that local magnetostatic fields arising from roughness are at the very least partly responsible for the behavior of the GaAs devices.
Additional insight is obtained from data at larger magnetic field (Fig. 4 , bottom panel).
When B ext z is increased, the spin signal is first reduced due to the Hanle effect, but then sharply increases when the magnetization of the FM rotates out of plane, followed by a saturation of the spin accumulation at large fields when the magnetization, and hence the spins in the GaAs, are fully aligned with B ext z . Precession is then absent and the maximum ∆µ is obtained. The value of ∆µ thus achieved should be identical to the saturation value of the inverted Hanle curve, for which magnetization, spins in the GaAs and B ext all point along the x-axis and precession is absent too. A difference is however observed, attributed to anisotropy of the tunneling process [39] [40] [41] . Apart from some quantitative differences, the results for GaAs and Si based devices are remarkably similar.
IV. MODEL
First, we briefly address an important difference with so-called orange-peel coupling that exists between two ferromagnets in layered structures with finite roughness 42, 43 . Due to the exchange interaction in a ferromagnet, it feels only an average magnetostatic field from the other ferromagnet, reducing the effective coupling field to a few tens of Oe. In contrast, in a non-magnetic semiconductor the spins in different locations near the ferromagnetic electrode can precess independently, and sense the full local strength of the magnetostatic field, rather than an average. Hence, the relevant magnetic field scale for spins accumulating in a non-magnetic material near a ferromagnet with finite roughness is much larger than that of orange-peel coupling.
The model that captures the basic physics of spin accumulation and precession near a ferromagnetic interface and correctly describes the salient experimental behavior starts from the equation 3,44 for spin dynamics of an ensemble of spins in a non-magnetic host:
where S is the spin density and ω L = (ω x , ω y , ω z ) = (gµ B /h) (B x , B y , B z ). Terms on the right-hand side describe, respectively, spin precession, spin diffusion (D the diffusion constant), and spin relaxation. Spin drift has been neglected. We seek a solution for a homogeneous B ext plus inhomogeneous magnetostatic fields near the FM interface:
i (x, y, z), with i=x,y,z. In the limit where the spin-diffusion length L SD is small compared to the roughness period λ, the spin-diffusion term in eqn. (1) can be neglected. This provides an analytical solution that is strictly correct when electrons are sufficiently localized for gradients in the spin density to be sustained on the length scale of λ. This applies to the case of spin accumulation in localized states (as in the GaAs devices 18 ). It is not strictly valid for mobile electrons since spin diffusion tends to average out the inhomogeneity of the spin density (in our Si devices L SD is 21 at least a few 100 nm, while λ is estimated to be 20-60 nm, see appendix D). The net result is a more homogeneous spin density, but with a reduced value.
Although a rigorous, but cumbersome, numerical treatment including spin diffusion can be done, we can expect that the value of the spin accumulation with spin diffusion is comparable to spatial average of the inhomogeneous spin density that is calculated without spin diffusion. We therefore average the spin-density over the x-y plane, finding that the basic experimental trends of the Si and GaAs devices are reproduced. Without spin diffusion, the general steady state solution for the x, y and z components of the spin density is 44 (see also appendix A):
(2)
where ω To evaluate B ms of a FM with finite roughness, we describe it as a 2-dimensional square array of magnetic dipoles pointing along x, and calculate the magnetostatic fields (see figure   5 ). This gives an inhomogeneous pattern with all three field components present. Alternatively, for 1-dimensional roughness an exact expression 45 of B ms in terms of roughness amplitude and M s is given in appendix C. From this, and the measured roughness of our structures (appendix D), we find that the strength of the magnetostatic fields can easily be in the range of 1 kOe to 100 Oe up to a distance of 10 nm from the interface. 
where S is the spin density and ω L = (ω x , ω y , ω z ) = (gµ B /h) (B x , B y , B z ). Terms on the right-hand side describe, respectively, spin precession, spin diffusion (D the diffusion constant), and spin relaxation. We have neglected spin drift. The x, y and z components of the spin density are explicitly written as:
If spin diffusion can be neglected (for spin-diffusion length L SD much smaller than the period λ of the roughness), and the boundary conditions at t = 0 are:
then the analytic solutions for arbitrary magnetic field are given by:
z . These expressions describe the time evolution of a packet of spins initially polarized along the x-axis at t = 0. The steady state spin polarization under continuous injection is proportional to the time integral ∞ 0 S i (t)dt, which yields:
where S 0 is the spin polarization in the absence of any magnetic field, and (11) can be written in terms of a solid angle θ between injected spins and magnetic field vector, as done previously 44 for optical excitation:
Without an external applied magnetic field, the spin polarization is determined exclusively by the local magnetostatic fields due to roughness:
Note that the reduction of the spin polarization depends, in general, on the strength as well as on the orientation of the local magnetostatic fields. However, in the limit ω ms L τ s >> 1, only the orientation of the field is relevant and S x becomes independent of the field strength (and hence independent of the magnetization of the ferromagnet). The Hanle curve is broadened, but there is no inverted Hanle signal and no reduction of the spin accumulation at zero external field.
(ii) B ms along y, orthogonal to the injected spins:
The Hanle curve is broadened, there is an inverted Hanle signal, and a reduction of the spin accumulation at zero external field.
(iii) B ms along z, orthogonal to the injected spins:
There is an inverted Hanle signal and a reduction of the spin accumulation at zero external field, while the Hanle curve is broadened, as well as split into two components, corresponding to locations with B The pattern and magnitude of the local magnetostatic fields for a ferromagnet with 1-dimensional roughness can be obtained via a Fourier transform 45 . Taking the surface height to vary along the x-axis with period λ, a square height profile with peak-to-peak height h, and magnetization pointing along the x-direction, we have 45 :
where q n = 2πn/λ, and
The fields for ferromagnetic Fe (having µ 0 M s =2.2 T) are shown in figure 8 . We find that the decay of the field strength with distance from the ferromagnet is determined by λ, and that for reasonable parameters the local magnetostatic fields can easily be in the range of 1 kOe to 100 Oe up to a distance of 10 nm away from the surface of the ferromagnet, thus having a significant impact on the spin accumulation and spin dynamics near the interface.
Since the magnitude of the local magnetostatic field near a ferromagnetic interface depends on the amplitude and lateral period of the roughness, we performed characterization of the roughness using atomic force microscopy (AFM) under ambient conditions for some of the devices (Fig. 9 ) an appreciable value is given in pink. Note that tunneling probes the value of ∆µ at z = 0. Experimental data for n-type GaAs/Al 2 O 3 /Co structures at 10 K, for magnetic field applied perpendicular to the interface plane (blue, Hanle), or parallel to the interface (pink, inverted Hanle).
Data at V GaAs − V Co = +422 mV (top panel) and +580 mV (bottom panel). along z or x axis, respectively, calculated using eqn. (11) . Included are magnetostatic fields B ms pointing purely along either the x, y or z-axis, as indicated, and with a strength that has a simple sinusoidal spatial variation. The spin lifetime τ s was set to 500 ps. Also shown in green are for the same 500 ps spin lifetime the pure Lorentzian curves, with the amplitude adjusted for easy comparison. 
